Factors that increase protein thermostability are of considerable interest in both 14 scientific and industrial fields. Disulfide bonds are one of such factors that increase 15 thermostability, but are rarely found in intracellular proteins because of the reducing 16 environment of the cytosol. Here, we report the first example of an intermolecular 17 disulfide bond between heteromeric subunits of a novel-type phosphoserine 18 phosphatase from a thermophilic bacterium Hydrogenobacter thermophilus, which 19 contributes to protein thermostability at the physiological temperature. Comparison of 20 remaining soluble proteins between wild-type and cysteine-deleted mutant using SDS-21 PAGE revealed that the disulfide bond increases the thermostability of the whole 22 protein by tightly connecting a subunit with low solubility to the partner with higher 23 solubility. Furthermore, it was strongly suggested that the disulfide bond is formed 24
compact protein packing, intrinsic secondary structure propensity and disulfide bond 48 formation all contribute to thermostability. [2, [9] [10] [11] [12] The formation of intracellular disulfide bonds is considered to be extremely rare 50 because of the reducing environment of the cytoplasm.[13-15] However, crystal 51 structure analyses have revealed that several intracellular proteins from thermophilic 52 organisms contain disulfide bonds within or between subunits that contribute to 53 thermostability. [7, 13, 16] In addition, thermophilic microorganisms, particularly 54 hyperthermophiles, are reported to have a higher ratio of intracellular disulfide bonds 55 compared to mesophiles. [16, 17] For this reason, a number of researchers have 56 attempted to create thermostable proteins for industrial applications by artificially 57 introducing disulfide bonds.[18-21] However, the disulfide bonds found in crystal 58 structures or those that have been introduced manually are limited to intrasubunit 59 bonds or those between two identical subunits. 60
Novel-type serine-synthesizing enzymes, termed metal-independent phosphoserine 61 phosphatases (iPSPs; EC 3.1.3.3), were recently identified and characterized from the 62 thermophilic bacterium Hydrogenobacter thermophilus, which grows optimally at 70-63 75°C. [22] [23] [24] H. thermophilus has two types of iPSPs, iPSP1 and iPSP2. The former 64 is a homodimer of PspA subunits, and the latter is a heterodimer of PspA and PspB 65 subunits. Although PspA and PspB share 35% amino acid sequence identity and 66 contain a conserved catalytic domain of the histidine phosphatase superfamily, only 67 the PspA subunit shows substantial PSP activity. [22, 25] K m values of iPSP1 and 68 iPSP2 for phosphoserine are comparable while V max of iPSP2 is almost the half of 69 iPSP1 [22] , suggesting that monomeric PspA is the minimum unit for the activity but 70 dimerization stabilizes whole structure of iPSPs. Although homodimers of PspBs have 71 not been detected in H. thermophilus, this type of PSP enzyme is not likely formed, 72 because co-expression of PspA and PspB is essential for PspB accumulation in the 73 cytosol of Escherichia coli. In addition, no member of this superfamily protein 74 appears to function as a chaperone. [22] 75 Crystal structure analysis of iPSP1 revealed that this protein forms an 76 intermolecular disulfide bond between the two C198 residues at the interface of the 77 PspA subunits. [25] As the C198 residue of PspA is conserved in PspB as C197, it is 78 expected that iPSP2 can also form an intermolecular disulfide bond between PspA 79 and PspB. We therefore hypothesized that these intermolecular disulfide bonds are 80 necessary for the thermostability of iPSP1 and iPSP2. To confirm this hypothesis, 81 here, the existence of a disulfide bond in iPSP2, both in purified soluble protein and 82 under in-vivo conditions, was investigated, and the contribution of this bond to the 83 thermostability of iPSP2 was then examined. 84 85
Materials and Methods 86 87

Construction of Plasmids for Site-directed Mutants 88
The genes encoding the PspA (HTH_0103) and PspB (HTH_0183) subunits 89 of H. thermophilus TK-6 (IAM 12695, DSM 6534) were previously cloned into the 90 expression vectors pCDFDuet-1 and pET21c (Novagen, Darmstadt, Germany), 91
respectively.
[25] The constructed plasmids were then mutated to express C198S and 92 C197S mutants of the PspA and PspB subunits, in which the 198 th and 197 th cysteine 93 residues, respectively, were converted to serine. The mutated plasmids were 94 constructed using the primer pairs 5'-ATAACCAGCCATCTGGGAGAGTTT-3' and 95 with the PspA C198S and PspB C197S mutated subunits were expressed in E. coli 104 BL21-Codon Plus (DE3)-RIL and then purified using the protocol described 105 previously, with a minor modification.
[22] Here, the heat treatment of cell lysate at 106 80°C was omitted, as the present study was focused on protein thermostability. 107
Instead, the cell lysate was applied to a Q-Sepharose Fast-flow column (GE 108 Healthcare) equilibrated with buffer containing 20 mM Tris-HCl (pH 8.0) and was 109 then eluted with a gradient of NaCl from 0 to 1 M in the same buffer. The fraction 110 containing iPSPs were further purified using Butyl-Toyopearl and MonoQ columns, 111 as described previously.
[22] For performing the elution from the Butyl-Toyopearl 112 column, the first ammonium sulfate concentration was decreased to 20% saturation. 113 114
Reductive and Non-reductive SDS-PAGE 115
Reductive and non-reductive SDS-PAGE [26] were conducted using a 5% 116 stacking and 10% separating gel with and without DTT in the loading buffer, 117 respectively. Samples to be analyzed by reductive SDS-PAGE were mixed with 118 loading buffer (4 mM DTT, final concentration) and incubated at 95°C for 10 min 119 prior to separation. After SDS-PAGE, the separated proteins were stained with CBB, 120 and Image J software was used to quantify the band intensity of stained proteins. Hereafter, wild-type iPSP1 and iPSP2 are referred to as A-A and A-B, respectively, 191 and the mutant forms of each recombinant protein are called As-As and As-Bs, 192 respectively. 193
The wild-type and mutant proteins were heterologously expressed using the 194 same procedure in E. coli. The elution patterns of the mutants during the purification 195 by column chromatography exhibited similar profiles as the respective wild-type 196
proteins, suggesting that the overall structure was not changed by the mutations. The homogeneity of the purified proteins was confirmed by It was also confirmed that the mutations did not affect the K m and V max values. 199
200
Detection of Intermolecular Disulfide Bonds by Non-reducing SDS-PAGE 201
To determine if intermolecular disulfide bonds are present not only in the 202 crystal of A-A, but also in the soluble form of A-A and A-B, SDS-PAGE analysis of 203 A-A, A-B, and the generated mutants were performed under non-reducing conditions. 204
Two distinct bands of 24.0 and 38.0 kDa were detected when A-A was subjected to 205 non-reduced SDS-PAGE ( Fig. 1A) , whereas only the 24.0-kDa band, which was 206 consistent with the predicted molecular weight of the PspA subunit (24.6 kDa), was 207 detected from As-As, as expected. In contrast, a single major protein band of 45.0 208 kDa was observed when A-B was subjected to non-reducing SDS-PAGE ( Fig. 1A) , 209 whereas 23.5-and 24.5-kDa bands, corresponding to PspB (estimated molecular mass 210 of 23.5 kDa) and PspA, respectively, were detected when reduced A-B or non-211 reduced As-Bs were analyzed by SDS-PAGE ( Fig. 1A, B ). The two monomeric size 212 bands were also detected when As-B and A-Bs were subjected to non-reduced SDS-213 PAGE (data not shown). In addition, a single major protein band was observed when 214 A-A, As-As, A-B or As-Bs was subjected to native-PAGE ( and IAA, respectively ( Supplementary Fig. 1 ). 283
Two monomeric bands corresponding to PspA and PspB were detected from the 284 positive control sample, purified A-B, but not from the negative control, purified As-285
Bs, confirming that this assay system was able to detect intermolecular disulfide 286 bonds (Fig. 4A) . In contrast, no additional bands were observed in whole cell lysates 287 of E. coli cells expressing A-B compared with lysates from cells expressing As-Bs, 288
indicating that the disulfide bond between PspA and PspB was not formed in E. coli. 289
When the same amount of cell lysate from H. thermophilus and E. coli was analyzed, 290 more bands were clearly observed in the cell lysate from H. thermophilus compared to 291 E. coli, indicating that various proteins within H. thermophilus contain disulfide 292 bonds. In addition, a relatively strong band was observed around 24.5 kDa, which is 293 the same size as PspA, suggesting that PspA in H. thermophilus has a disulfide bond. 294 295
Conservation of Cysteine Residues Able to Form Intermolecular Disulfide Bonds
The distribution of cysteine residues with the potential to form intermolecular 297 disulfide bonds was examined among species of the order Aquificales with sequenced 298 genomes. Our previous studies suggested that the ancestor of PspA and PspB divided 299 into PspA and PspB after the family Desulfurobacteriaceae arose, but before the 300 division of Aquificaceae and Hydrogenothermaceae.
[22] Multiple sequence 301 alignments of iPSP homologs from these three families using the CLUSTALW 302 program [28] showed that the cysteine residues that correspond to C198 and C197 of 303 H. thermophilus PspA and PspB, respectively, were conserved in all homologs from 304
Aquificaceae, except one of the two PspAs (ZP_02179977) from Hydrogenivirga, but 305 not in those from Hydrogenothermaceae or Desulfurobacteriaceae ( Table 1) thermostability. In addition, the importance of interactions between subunits for 326 increasing multimeric protein solubility has already been reported [32]; however, 327 these studies were limited to homomultimeric proteins. To our knowledge, the 328 findings presented here are the first example of an intracellular protein that contains 329 an intermolecular disulfide bond between heteromeric subunits that contributes to 330 thermostability, and the contribution to thermostability was unique to heteromeric 331 nature. 332
Interestingly, PspB subunits that were not connected to PspA by a disulfide 333 bond were precipitated at lower temperature than PspA, whereas both subunits, when 334 they were connected with an intermolecular disulfide bond, were precipitated under 335 the same conditions; namely, both subunits start to precipitate around 85°C and about 336 70% of them precipitated at 90°C (Figs. 3B, D, E and F). This observation likely 337
indicates that attachment to PspA is required for PspB to exist in the soluble fraction. 338
Our speculation concerning this point is as follows: PspA and PspB can stably form 339 heterodimers without a disulfide bond at 70°C or lower, and therefore the 340 intermolecular disulfide bond is not essential below the optimal growth temperature of 341 H. thermophilus. However, the intermolecular disulfide bond between PspA and PspB 342 is necessary for the solubility of PspB at 75°C or higher because molecular motion is 343 markedly increased at these high temperatures and the probability of detachment of 344 the subunits is also increased. If PspB detaches from PspA, it may immediately 345 precipitate and disappear from the soluble phase while PspA can remain in the soluble fraction as a monomer for a very short time and then find other PspA monomer to 347 make stable homodimer, A-A immediately. It is also supported by the result that 348 residual PSP activity of A-B and As-Bs after heat treatment well agrees with the ratio 349 of residual soluble PspA subunit ( Fig. 3E and G) . Therefore, the strong connection of PspB is very low (data not shown). We therefore propose that intermolecular disulfide 358 bonds between subunits with low solubility and those with higher solubility can 359 increase the thermostability of multimeric proteins. 360
It is noteworthy that the intermolecular disulfide bond between PspA-PspB is 361 essential for the PspB subunit to exist in the soluble fraction at 75°C, which is the 362 upper limit of the optimal growth temperature of H. thermophiles. [24] Thus, the 363 intermolecular disulfide bond appears to be physiologically important for this protein 364 to maintain solubility in H. thermophilus. However, due to the reducing environment 365 of the cytosol, disulfide bonds are not typically found in cytosolic proteins. In 366 eukaryotes, disulfide bonds are formed in the lumen of the endoplasmic reticulum in 367 reactions catalyzed by protein disulfide isomerase.
[33] As the intracellular redox 368 potential of E. coli, a mesophilic prokaryote, is around -200 to -300 mV, recombinant 369 proteins with disulfide bonds may not fold properly. [17, 34] Therefore, we examined 370 whether the disulfide bonds found in heterologously expressed and purified proteins also exist in vivo. The results of a CPM assay showed that A-B does not form 372 intermolecular S-S bonds in E. coli (Fig. 4) , a finding that does not conflict with the 373 above information indicating that the intracellular environment of E. coil is reduced. 374
In contrast, numerous disulfide bonds were detected in total protein samples from H. 375 thermophilus, in addition to the relatively strong band around 24.5 kDa that may be 376 derived from PspA (Fig. 4) . Although a band of 23.5 kDa corresponding to PspB was 377 not clearly observed, A-B may still form an intermolecular disulfide bond in H. 378 thermophilus, because PspB is estimated to have a lower molecular number than that 379 of PspA [22] and therefore more difficult to be detected. This speculation does not 380 conflict with the WB data that H. thermophilus lysate contained both A-A and A-B 381 dimers with disulfide bonds ( Figs. 2A and B) . 382
The physiological importance of the intermolecular disulfide bond identified in 383 iPSP1 and iPSP2 is also supported by the strict conservation of the cysteine residues 384 corresponding to the 197 th or 198 th cysteines among homologs of these proteins in 385
Aquificacea (Table 1) . Although the cysteine residues are not conserved in PspA or 386 PspB from Hydrogenothermaceae, it is unclear whether PspB subunits from this 387 family are unable to remain in the soluble phase at physiological temperature. In 388 addition, the growth temperature of many members of Hydrogenothermaceae is lower 389 than that of several Aquificaceae species (Table 1 ). We speculate that the evolution of with PspA, and therefore can exist in soluble form as a heterodimer. Concurrent with 398 the evolution of PspB in Aquificaceae, PspB inherited cysteine residues from an 399 ancestor of Aquificaceae that allowed for the formation of a disulfide bond between 400
PspA and PspB. 401 CPM assay revealed that various intracellular proteins of H. thermophilus contain 402 disulfide bonds (Fig. 4A ). This observation is consistent with several recent reports 403 that several thermophilic eukaryotes have numerous intracellular proteins with 404 disulfide bonds. [16, 17, 35] As such proteins are rare in mesophiles, it appears that the 405 formation of intramolecular and intermolecular disulfide bonds within proteins is a 406 common strategy for thermophiles to increase protein thermostability and allow 407 adaptation to high temperatures. However, it remains unclear how disulfide bonds are 408 formed in intracellular environments. [17] As H. thermophilus utilizes the reductive 409 tricarboxylic acid cycle, which is used to fix CO 2 in reducing environments, it seems 410 highly unlikely that the disulfide bond between PspA and PspB would spontaneously 411 form in cells. Therefore, it is more likely that a specific system selectively forms 412 disulfide bonds in thermophiles. H. thermophilus has several genes that are predicted 413 to encode protein disulfide isomerases and thioredoxins, which may catalyze the 414 formation of disulfide bonds. 415
In the present study, we demonstrated that an intermolecular disulfide bond 416 contributes to the thermostability of a heterodimeric protein from a thermophilic 417 bacterium. The disulfide bond increases the thermostability of the whole protein by 418 specifically increases the solubility of a single subunit at high temperature connecting 419 it to the partner. This finding provides new insight into the evolution of proteins with 
